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1 .  INTRODUCTION 


It  has  been  shown  that  penetrator  efficiency,  i.e.  the  ratio  of  penetra¬ 
tion  to  penetrator  length  (P/Ll,  increases  as  the  ratio  of  the  penetrator 
length  to  diameter  decreases  (L/D).  This  suggests  a  long  rod  penetrator 
divided  in  several  smaller  length  segments  separated  at  a  distance  should 
improve  performance  when  performance  is  measured  in  terms  of  total  penetra- 

O  5  [I 

tion.  This  has  in  fact  been  verified  both  analytically  '  and  experimen¬ 
tally5’6,7'®.  It  is  thought  that  if  the  separation  distance  between  segments 
is  optimum  that  each  segment  acts  as  an  individual  penetrator}  thus  the  total 
penetration  is  the  penetration  of  a  single  segment  times  the  number  of  seg¬ 
ments.  These  increases  in  performance  generally  require  that  the  projeotile 
be  fired  at  greater  than  present  ordnance  velocities,  i.e.  2  km/s,  sparking 

Q 

interest  in  guns  such  as  electro-magnetic  guns'  which  can  deliver  projectiles 
into  the  hyper-velocity  regime. 

1  5  7  A 

One  researcher,  A.  Charters  '  ’  ’ has  conducted  a  limited  number  of 
experiments  of  segmented  and  monolithic  penetrators  against  both  semi-infinite 
targets  and  spaced  target  arrays.  The  results  obtained  for  normal  impact  into 
semi-infinite  steel  show  segmented  penetrators  outperforming  their  equi¬ 

valent  mass  and  diameter  monolithic  penetrators  by  as  much  as  50  to  60 
percent.  Although  it  is  believed  that  segmented  penetrators  improve  perfor¬ 
mance,  there  is  some  skepticism  about  the  results  obtained  in  these  tests. 
This  paper  documents  a  series  a  computer  simulations  using  version  121  of  the 
HULL  finite-difference  code  examining  the  results  obtained  for  Charters’  18 
gram  7  segment  penetrator.  Figure  1  shows  Charters'  results  obtained  for  this 
penetrator  as  well  as  those  of  an  equivalent  mass  and  diameter  monolithic 
penetrator . 

HULL10,11  is  an  Eulerian  wave  propagation  code  that  uses  a  second  order 
accurate  finite-difference  scheme.  The  material  adveotion  soheme  is  first 
order.  The  code  solves  the  partial  differential  equations  of  continuum 
mechanics  ignoring  heat  conduction  and  viscosity  terms.  The  Mie-Gruneisen 
equation  of  state  is  used  to  model  solids  and  liquids.  After  vaporization 
occurs  the  Gamma  Law  equation  is  used  to  model  the  gas.  Explosives  oan  be 
modeled  using  the  Jones-Wilkins-Lee  equation  of  state.  Material  failure 
models  include;  maximum  principal  stress,  maximum  principal  strain,  and  the 

1  P 

Hancock-Maokenzie  triaxial  failure  model  '.  When  material  failure  ooours  a 
numerically  significant  void,  i.e.  air,  is  introduced  in  the  cell  whioh 
permits  relaxation  of  the  tensile  forces.  Reoompression  is  permitted. 

Large-scale  simulations  are  well  suited  for  the  study  of  segmented  kinetic 
energy  penetrators,  increasing  both  our  understanding  of  the  penetration  pro¬ 
cess  and  supplementing  the  limited  ballistic  test  data.  Furthermore  computer 
studies  permit  the  examination  of  segmented  penetrators  without  the  typical 
problems  encountered  in  ballistic  tests  such  as  alignment  of  the  individual 
segments,  constraints  of  pre-extended  projectile  lengths,  projectile  yaw, 
structural  integrity  of  the  launch  package,  and  synergistic  effects  of  carrier 
tubes  or  carrier  rods  (spacers)  on  overall  penetration. 
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( 'barters’  Segmented  and  Monolithic  Rod  Results  (Ref.  7). 


2.  SIMULATION  MATRIX 


A  series  of  two-dimensional  simulations  examining  the  performance  of 
Charters'  18  gram  7  segment  penetrator  against  a  semi-infinite  4340  steel  tar¬ 
get  have  been  conducted.  A  similar  segmented  penetrator  without  oarrier  rods 
has  been  modeled  to  characterize  the  effects  of  striking  velocity  (3,  3 . ^ »  and 
4.0  km/s),  spacing  to  diameter  ratio,  S/D,  (1.4,  2,  and  3);  and  the  carrier 
rods  on  penetration  performance.  Penetrator  performance  is  also  compared  to 
that  of  an  equivalent  mass  and  diameter  and  an  equivalent  mass  and  length  mono¬ 
lithic  penetrator  for  various  striking  velocities.  Single  segments  were 
modeled  to  determine  the  maximum  penetration  possible  at  a  given  striking 
velocity.  The  complete  computational  matrix  is  given  in  Table  1. 

The  penetrator  geometry  used  by  Charters,  Figure  2,  was  obtained  by 
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G.  Silsby  in  a  conversation  with  Charters  J  ’  and  later  verified  in  a 

15 

letter  .  The  S/D  ratio  was  actually  greater  than  unity,  see  Figure  1  and  2, 
and  is  approximately  1.38.  The  geometry  of  the  penetrators  used  in  the  simula¬ 
tion  are  shown  in  Figure  3.  The  S/D  ratio  for  the  segmented  penetrators  was 
increased  to  1.4  to  allow  for  an  integer  number  of  cells  between  segments.  The 
titanium  aonnectors  were  not  modeled  beoause  cell  sizes  needed  to  sufficiently 
resolve  them  would  increase  the  problem  size  signifioantly .  Also,  due  to  their 
small  mass  and  density,  it  is  assumed  that  they  caused  no  significant  contribu¬ 
tion  to  penetration. 

In  an  effort  to  preserve  material  interfaces  arid  minimize  material  diffu¬ 
sion  typically  encountered  in  Eulerian  codes,  a  constant  oell  size  was  used  in 
the  axial  direction.  To  keep  problem  size  down  a  rezoner  option  was  used.  The 
rezoner  causes  the  mesh  to  translate  at  the  velocity  defined  by  a  Lagrangian 
tracer  particle  embedded  in  the  front  of  a  projectile.  The  segments  consisted 
of  12  cells  across  the  radius  and  25  across  the  length,  excluding  spacers. 
Spacers  had  4  cells  across  their  radius.  To  keep  traok  of  the  segments  Lagran¬ 
gian  tracer  particles  were  embedded  in  the  front  an  rear  of  each  segment  and 
also  in  the  front  and  rear  of  monolithic  penetrators. 

The  hydrodynamic  behavior  of  the  metals  were  modeled  using  the  Mie- 
Gruneisen  equation  of  state.  The  coefficients  for  the  equation  data  were 

obtained  from  the  HULL  Users  Manual11, 

An  incremental  elastic-plastic  formulation  following  the  description  given 
1 6 

by  Wilkins  is  used  to  describe  the  strain  response  of  the  metals.  An 
elastic-perfectly  plastic  model  has  been  used  for  the  4340  steel  with  a  11.4 
17 

kb  yield  strength.  An  elastic-strain-hardening-plaotio  model  was  used  for 

the  tungsten  with  a  yield  strength  of  14,0  kb1®  and  an  ultimate  strength  of 
1 8 

19.3  kb  ,  A  complete  listing  of  the  material  properties  and  equation  of 
state  data  are  provided  in  the  Appendix. 
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Table  1:  SIMULATION  MATRIX 


*  Not*:  N»1  implies  a  monolithic  rod. 

Length  implies  overall  length, 

**Note:  Length  does  not  include  contribution  of  spacers. 
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Figure  2.  Charters’  Segmented  Penetrator  Geometry. 
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Figure  3.  Penetrator  Geometries  Used  in  Simulation. 
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3,  RESULTS  AND  DISCUSSION 

3.1  Effects  of  Carrier  Rods 

The  simulation  predicts  the  segmented  penetrstor  with  carrier  rods  will 
penetrate  11.8  cm  of  semi-infinite  4340  steel.  This  iu  in  excellent  agreement 
with  Charters'  experiment  in  which  a  penetration  of  11. ft  cm  was  obtained.  The 
mass  of  the  penetrator  in  the  simulation  was  17.56  grams.  The  penetrator  used 
in  experiment  had  a  mass  of  18.35  grams  including  the  stablizing  flare  and 
17.93  excluding  the  flare.  The  segmented  penetrator  without  carrier  rods  had 
a  mass  of  16.17  grams  or  7.9  percent  less  mass  than  the  segmented  penetrator 
with  oarrier  rods  used  in  the  simulation.  Since  the  mass  of  the  carrier  rods 
is  small  when  compared  with  that  of  the  penetrator,  it  seems  reasonable  that 
their  contribution  to  penetration  is  also  small.  This,  however,  was  not  the 
case.  The  penetration  for  the  penetrator  without  carrier  rods  was  9.5  cm  or 
19.5  percent  less  than  that  of  the  penetrator  with  carrier  rods. 

3.2  Monolithic  vs.  Segmented  Penetrators 

The  performance  of  the  segmented  penetrator  without  carrier  rods  was  com¬ 
pared  to  the  performance  of  two  equivalent  mass  monolithic  penetrators.  One 
had  the  same  mass  and  diameter  as  the  segmented  penetrator  and  the  other  had 
the  same  mass  and  overall  length.  No  comparisons  between  experiments  exist 
for  the  segmented  penetrator  without  oarrier  rods  or  the  equivalent  mass  and 
length  monolithic  penetrator.  However,  good  agreement  exists  between  results 
obtained  in  experiment  and  simulation  for  the  equivalent  mass  and  diameter 
monolithic  penetrator  and  the  segmented  penetrator  with  oarrier  rods,  see 
Figure  4.  The  mass  of  the  monolithic  penetrator  used  in  the  experiment  was 
approximately  19  grams  or  about  17  percent  greater  the  that  used  in  the  simu¬ 
lation.  Based  on  the  good  agreement  obtained  between  experiment  and  simula¬ 
tion,  it  is  estimated  that  the  predicted  results  for  whioh  no  experimental  data 
exist,  are  within  10  percent  of  actual  values. 

Figure  4  shows  a  predicted  increase  in  penetration  of  31  percent  for  the 
segmented  penetrator  and  fiO  percent  for  equivalent  mass  and  length  monolithic 
penetrator  over  the  equivalent  mass  and  diameter  monolithic  penetrator  at  3.4 
km/s.  The  performance  of  the  equivalent  mass  and  length  penetrator  shows  a 
predicted  11  peroent  increase  in  penetration  over  the  segmented  penetrator  with 
carrier  rods  even  though  the  segmented  penetrator  has  8.6  peroent  more  mass. 

3.3  Segment  Spacing 

The  penetrator  efficiency,  penetration  per  unit  penetrator  length, 
increases  as  the  length-to-diameter  ratio,  l/D  rBtio,  decreases.  This  means 
that  a  penetrator  with  a  L/D  ratio  of  7  cut  into  seven  segment  with  a  L/D 
ratio  of  1  and  separated  at  a  distance  should  improve  penetrator  performance, 
when  measured  in  terms  of  total  penetration.  In  theory,  if  the  separation  dis¬ 
tance  is  at  optimum  the  maximum  penetration  for  a  particular  segmented  penetra¬ 
tor  is  the  penetration  obtained  by  a  single  segment  times  the  total  number  of 
segments.  To  determine  the  optimum  spacing  the  segment  penetrator  without 
carrier  rods  was  studied  for  spacing-to-diameter  ratios,  S/D  ratios,  of  0,  1.4, 
2.0  and  3.0  at  3.4  km/s.  Results  were  compared  with  the  maximum  penetration 
obtainable  based  on  a  single  segment  calculations.  Results  are  given  in 
Figure  5. 
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Figure  4.  Experimental  and  Predicted  Results 
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Figure  5,  Predicted  Penetration  as  a  Function  of  Segment  Spacing. 


Figure  5  shows  that  the  maximum  possible  penetration,  given  an  infinite 
spacing,  is  10.0  cm.  Large  increases  in  penetration  are  seen  as  the  S/D  ratio 
is  increased  from  0  to  1.4.  The  increase  in  penetration  going  from  a  S/D  ratio 
of  2  to  3  is  about  1  percent.  At  an  S/D  ratio  of  3  the  predicted  penetration 
is  within  1  percent  of  the  predicted  maximum.  When  the  maximum  predicted  pene¬ 
tration  is  compared  with  that  of  the  segmented  penetrator  with  carrier  rods  it 
is  still  15  percent  less. 

The  segmented  penetrator  without  carrier  rods  and  S/D  ratio  of  1,4  was  also 
studied  at  velocities  of  3.0,  3.4  and  4.0  km/a.  Results  were  compared  with  the 
maximum  possible  penetration  based  on  single  segment  calculations,  see  Figure 
6.  The  difference  in  predicted  penetration  and  maximum  predicted  penetration 
at  3.0,  3.4  and  4.0  km/s  is  5.0,  5.2  and  7.0  peroent,  respectively.  This 
trend  seems  to  indicate  that  a  larger  S/D  ratio  is  needed  at  higher  velocities. 

3.4  Use  of  P/L  as  Penetration  Measure 

The  use  of  penetration  efficiency,  penetration  per  unit  length  penetrator, 
is  frequently  used  as  a  measure  of  penetrator  performance.  This  is  generally 
a  good  measure  when  used  in  the  discussion  of  monolithic  penetrators.  However 
it  oan  be  ambiguous  when  discussing  segmented  penetrators.  Typically  in  the 
disoussion  of  segmented  penetrators  the  length  used  in  P/L  is  that  of  the 
equivalent  mass  and  diameter  monolithic  penetrator.  However,  most  segmented 
penetrators  are  launch  pre-extended  using  either  carrier  rods  or  carrier  tubes. 
Therefore  a  more  natural  selection  of  length  would  be  the  overall  penetrator 
length. 

Figure  7  shows  the  result  predicted  in  the  simulations  for  the  segmented 
penetrator  without  carrier  rods  and  the  equivalent  mass  monolithic  penetrators 
in  terms  of  P/L  where  L  is  the  length  of  the  equivalent  mass  and  diameter  mono¬ 
lithic  penetrator.  The  equivalent  mass  and  length  penetrator  has  the  lowest 
penetrator  efficiency,  yet  it  out  performed  the  others  in  terms  of  total  pene¬ 
tration.  The  segmented  penetrator  is  shown  to  be  the  most  efficient.  In 
Figure  8  the  overall  or  launch  length  was  used  to  determine  P/L,  Here  the 
efficiency  of  the  monolithic  penetrators  remains  the  same  but  the  segmented 
penetrator  is  the  least  efficient. 

Figure  9  shows  P/L  as  a  function  of  S/D.  It  can  be  shown,  depending  on  the 
choioe  of  length  that  penetration  efficienoy  either  increases  or  deoreases  with 
increasing  S/D  ratio.  If  length  is  taken  to  be  thBt  of  a  equivalent  mass  and 
diameter  monolithic  penetrator  P/L  increases  with  inorsasing  S/D  ratio.  How¬ 
ever,  if  overall  length  is  chosen  then  P/L  decreases  with  increasing  S/D  ratio. 

4.  CONCLUSIONS 

4.1  The  contribution  to  penetration  of  the  carrier/spacer  rods  is  signifi¬ 
cant.  The  results  show  closer  agreement  to  the  equivalent  length  monolithic 
penetrator  than  to  that  of  a  true  segmented  penetrator.  The  carrier  rods  have 
the  effect  of  making  the  segmented  penetrator  behave  more  like  a  continuous 
rod  than  a  segmented  one. 
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PENETRATION  VS.  VELOCITY  FOR  SEGMENTED  ROD  WITH  S/D  «  14 
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Figure  6.  Predicted  Penetration  as  a  Function  of  Velocity. 
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P/L  FOR  MONOLITHIC  LENGTH 


Figure  7.  Penetration  Efficiency  Based  on  Monolithic  Length. 


12 


?/L  FOR  OVERALL  LENGTH 


O  SEGMENTED  NO  CARRIER  RODS 
a  MONOLITHIC  (EQUIV.  MASS  A  DIAJ 
a  MONOLITHIC  (EQUIV.  MASS  A  LENGTH) 


>3.5  4.0  4.5  5.0  5.5  6.0 

STRIKING  VELOCITY  (KM/'S) 


Figure  8.  Penetration  Efficiency  Based  on  Overall  Length. 
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SEGMENTED  PENETRATOR  AT  3.4  KM/S 


3.0 


SPACING/DIAMETER 


Figure  9.  Penetration  Efficiency  as  a  Function  of  Segment  Spacing. 
(Two  Interpretations) 


lit 


°f  ''•he  penetrator  configurations  studied,  the  equivalent  mass  end 
length  penetrator  outperformed  all  others  when  measured  in  terms  of  penetre- 
-ion,  This  suggests  that  in  many  oases  a  monolithic  penetrator  can  be  more 
effective  than  a  segmented  one.  The  segmented  penetrator  has  greater  penetra¬ 
tion  than  equivalent  mass  and  diameter  monolithic  penetrators. 

u.?  Tncreasing  the  spacing-to-diameter  ratio  increases  the  performance  of 
segmented  rods  measured  in  terms  of  penetration.  The  optimum  spacing  for  the 
segmented  penetrator  studied  is  between  ?  and  ?.  diameters  at  a  striking  velo¬ 
city  of  km/s.  PesuUs  suggest,  that  increased  spacing  is  needed  at  higher 
velocities  to  maintain  optimum  performance. 

14  • 14  The  use  of  penetration  efficiency,  the  rBtio  of  penetration  to 
penetrator  length  (P/Ll,  is  not  p  good  indicator  of  penetrator  performance  for 
segmented  penetrators.  Depending  on  the  interpretation  of  length,  monolithic 
or  overal1 ,  conflicting  conclusions  can  be  drawn. 
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APPENDIX 


Material  Properties  and  IvjuaiiuD  of  State  Data 


4340  Kt 

TUNGSTEN 

Ambient  density  ( |/cc) 

1  86 

17  3 

Ambient  sound  speed  (cni/s) 

4  61  eft 

4  Oeb 

Shock  velocity,  particle  velocity  slo|< 

1  73 

1  266 

Initial  Gruneisen  ratio 

1.68 

1  43 

Minimum  Pressure  (dvnti/'cm**i) 

-36.  eB 

•  1 0*0 

Poisson's  ratio 

0.36 

03 

Atomic  weight 

6b  So 

184 

DeBye'i  tempernture  (K) 

bob 

270 

Vnpor  coefficient 

0  3b 

02 

Ambient  energy  per  unit  must  (ergs/g) 

0  0 

0  0 

Ambient  melt  energy  per  unit  mut  (ergiyi) 

7.UU 

4  77  e ft 

Fusion  energy  per  unit  mtss  (ergs/g) 

8-74*9 

1  8-4*9 

Sublitnntion  energy  per  unit  mtss  (ergs/g) 

74.3*9 

46*9 

Ambient  vnporiittlon  energy  per  unit  mm  (eigt/g) 

22.4*9 

13  6*9 

Ambient  energy  per  unit  mass  it  eud  of  vaiioniallon 
(«rgs/g) 

80  8e9 

68  4*9 

Initial  yield  strength  (d.vues/cm*«2) 

11  4*0 

14  *8 

Saturation  yield  strength  (dynes/cut*»2) 

11  4e8 

19  3eB 

Plastic  strain  at  saturation  yield  strength 

001 

03 

Yield  strength  ratio  for  first  point  on  thermal 
softening  curve 

1  0 

1.0 

Energy  ratio  for  fint  point  on  thenunl  softening 
curve 

0.6 

0.6 

Yield  strength  ittio  for  second  point  on  thermal 
softening  curve 

1  0 

10 

Energy  mtio  for  second  point  on  thermnJ  «oft*uiug 
curve 

10 

1.0 

Second  coefficient  in  Hugoniot  pressure  curve 

00 

0.0 

Third  coefficient  in  Hugoniot  pleasure  curve 

00 

0.0 

Ultimate  failure  stress 

1*50 

I.ebO 

Ultimate  failure  strain 

0  16 

0.16 
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